We propose a simple, systematic, and efficient method to enlarge the gap of a photonic crystal. In this method, we add a small fraction of a third component into the existing photonic crystal. The dielectric property of the third component as well as its insertion position in a unit cell are chosen according to the field-energy distribution of two Bloch states at the band edges. The method is very general. It can be applied to any microstructure and is independent of the dimensionality of the original photonic crystal. Thus, it opens up a way to engineer photonic band gaps. Here, we demonstrate the validity of this method explicitly in two dimensions for both s and p waves. We show that, for certain microstructures, absolute gaps can be significantly enlarged. The method is also demonstrated in microwave experiments.
I. INTRODUCTION
During the past few years, a significant effort has been devoted to the study of photonic crystals.
1- 14 The existence of gaps, which prohibit the propagation of electromagnetic ͑EM͒ waves in any direction, provides an opportunity to confine and control the propagation of EM waves. It can have profound implications for quantum optics, high-efficiency lasers, optoelectronic devices, and other areas of applications.
1, 9 Various photonic band-gap ͑PBG͒ structures have been successfully fabricated in two and three dimensions ͑2D and 3D͒ for frequencies in both microwave and near-infrared regions. [3] [4] [5] [6] [7] [8] Despite the progress that has been made in the application and fabrication of photonic crystals, the search for new microstructures that can produce larger gaps remains to be the important issue. The creation of a gap depends on many factors in the microstructure such as topology, dielectric contrast ratio, lattice structure, and filling factor. The dielectric contrast ratio is often limited by material properties and causes a severe constraint to the search for photonic crystals with large gaps, particularly in the technologically important near-infrared region. In order to have large dielectric contrast, metallic ͑or metallodielectric͒ photonic crystals ͑MPC's͒ have also been studied. [9] [10] [11] [12] [13] Although large gaps have been achieved in MPC's, they also suffer from absorption, which becomes more important in the optical regime. Recently, by using the plane-wave expansion technique, Anderson and Giapis have shown in 2D that the absolute gap can be increased by reducing the structural symmetry.
14 Although some higher-order gap is enhanced, the lower-order gap is often reduced as a result of symmetry breaking. This leads us to the question of if we can have a generic method that allows us to enlarge any gap by altering the microstructure of the original photonic crystal.
In this paper, we propose a simple, systematic, and efficient method to enlarge a gap by adding a small fraction of third component into the system. In this method, we combine perturbation analysis and the mulitple-scattering calculations. For any given gap, the perturbation analysis provides us the guide in choosing the dielectric property of the third component as well as its insertion position in a unit cell. The gap structure of the altered microstructure will be calculated by using the multiple-scattering method. Our method is very general. It does not require symmetry breaking. It can be applied to any microstructure and is independent of the dimensionality of the original PBG system. Thus, it opens up a way to engineer PBG's. In the case of a metallic third component, significant gap enhancement can be achieved. However, due to its small filling factor, absorption will not be significant even in the optical regime. The outline of this paper is as follows. Our pertubative approach is described in Sec. II. The numerical results for both the pertubative and multiple-scattering approaches are given in Sec. III. In Sec. IV, an experimental demonstration of our method is presented. A conclusion is given in Sec. V.
II. THE PERTURBATIVE APPROACH
For a periodic dielectric constant ⑀͑r͒, a Bloch state for the magnetic field at the nth band and wave vector k ជ satisfies the Maxwell equation Equation ͑5͒ provides a simple way to estimate the shift in eigenfrequency before and after the insertion. For two Bloch states at the band edges of the gap, we denote the shifts as ⌬ l ϭ nL Ϫ nL and ⌬ u ϭ mU Ϫ mU , where L and U represent the symmetry points of the band structures at the lower and upper edges of the gap, respectively. The sign of ⌬ l or ⌬ u depends on that of ␦. It is their relative change, ⌬ g ϭ⌬ u Ϫ⌬ l , that determines the enlargement or reduction of the gap. The value of ⌬ g can be positive or negative, depending sensitively on the difference in the fieldenergy distribution of the two states at the band edges as well as the insertion position. For instance, if the minimum of ͉D nL ͉ 2 occurs at the same position as the maximum of ͉D mU ͉ 2 , an optimal enlargement of the gap can be achieved by inserting a third component with positive ␦ at this position. A negative ␦ can also enhance the gap if ͉D nL ͉ 2 is at the maximum at the insertion position, whereas ͉D mU ͉ 2 is at the minimum. Thus, Eq. ͑5͒ provides a useful guide for the engineering of a gap by using insertion as a new degree of freedom.
For s waves, we consider 2D structure consisting of infinite-length parallel cylinders. We use the electric field ͓E nk (r)͔ that is parallel to the cylinder axis to describe a Bloch state, and the Maxwell equation in a scalar form can be written as
Similar to the above p wave, the perturbation theory now gives
͑7͒
From Eq. ͑7͒, we can estimate easily the shift in eigenfrequency before and after the insertion for s wave.
III. NUMERICAL RESULTS AND DISCUSSIONS
In this section, we will first compare the numerical results obtained from both the perturbative and multiple-scattering approaches in the case of dielectric insertion to show the validity of our method. Then we will use the perturbative approach as the guide to make metallic insertions. Our multiple-scattering results show that both full and complete gaps can enlarged significantly. The system we considered here consists of an array of cylinders with dielectric constant ⑀ c in a background of dielectric constant ⑀ b . We denote the dielectric constant of the third component as ⑀ i . We first consider a situation discussed in Ref. 14. The original system consists of air cylinders (⑀ c ϭ1) of radii R embedded in a background dielectric with ⑀ b ϭ11.4 in a square lattice with lattice constant a. The insertion is made by air cylinder (⑀ i ϭ1) of radius R i at the center of each unit cell. Thus, we
For the original system, we have used the multiple-scattering method to calculate the band structures nk , eigenfields, and gap positions. 9, 15, 16 The calculated band structure of s wave in square lattice of air cylinder with R/aϭ0.485 is plotted in Fig. 1 . In terms of the dimensionless frequency ϵa/2c, the first gap appears from 1M Х0.249 to 2X Х0.314, whereas the second gap appears from 3X Х0.450 to 4⌫ Х0.490. At the same time, we also plot the function ͉E nk (r)͉ in a unit cell for the band-edge states 1M , 2X, 3X, and 4⌫ in Fig. 2 . The corners of the unit cell correspond to the centers of air cylinders. After the insertion of air cylinders at the center of each unit cell, we have estimated the gap position by using Eq. ͑7͒ and plot the results as the dashed and solid lines in Fig. 3͑a͒ for the first and second gaps, respectively. Since the function ͉E nk (r)͉ has its minimum at the insertion position for states 2X and 3X, the upper edge of the first gap and the lower edge of the second gap remain unaffected. However, for the states at 1M and 4⌫, ͉E nk (r)͉ becomes a maximum at the insertion position. Thus, both the lower edge of the first gap and upper edge of the second gap increase with ␤. As a result, the first gap is reduced while the second gap is enlarged. For comparison, we also plot in Fig. 3͑a͒ the calculated gap position obtained from the multiple-scattering approach by solid circles and triangles for the first and second gaps, respectively. The excellent agreement between the estimated and calculated results demonstrates the validity of the method and the accuracy of Eq. ͑7͒ when ␤Ͻ0.2. When ␤у0.2, discrepancies appear and Eq. ͑7͒ becomes invalid. At ␤ϭ0.16, our results also agree quantitatively with that obtained from band structure calculations presented in Ref. 14. For the case of p waves, the magnetic field is parallel to the cylinder axis. We have chosen R/aϭ0.440, a square lattice of an air cylinder, to calculate the band structures nk and the function ͉D nk (r)͉, which are shown in Figs first gap appears from 1M Х0.303 to 2X Х0.332 with the lower and upper band edges located at the states 1M and 2X, respectively. The second gap appears from 2⌫ Х0.412 to 3M Х0.475 with two edges located at 2⌫ and 3M . We have first used Eq. ͑5͒ to estimate the shifts in gap positions due to the insertion. The results are shown by two dashed and two solid lines in Fig. 3͑b͒ for ␤ϭR i /Rр0.2. The position of first gap is not much affected, whereas the second gap is enlarged due to the increase in eigenfrequency at the upper edge. These behaviors arise from the fact that the function ͉D nk (r)͉ is at the minimum at the insertion position for the states 1M , 2X, and 2⌫, but it is at the maximum for the state 3M . In Fig. 3͑b͒ , we also plot the calculated gap position by solid circles and triangles for the first and second gaps for comparison. We again find the excellent agreement between the estimated and calculated results for the case of p waves.
It should be mentioned that the enhancement in the second gap for s waves actually enlarges the absolute gap of the system. 14 The reduction of the first gap can be understood by using the following simple arguments without knowing ͉E nk (r)͉ explicitly. Since the first band is dielectric band, the state at the lower edge of the first gap will have an electric field concentrated near the center of the unit cell. 2 The insertion of the air cylinder will push the eigenfrequency up and reduce the gap. However, the second band is an air band with the electric field concentrated in air cylinders, and the eigenfrequency at the upper edge of the first gap will not be affected much by the insertion. Thus, we expect a reduction in the first gap, irrespective of the lattice structure. For higherorder gaps, the distinction between the dielectric and air bands becomes less obvious and an explicit form of ͉E nk (r)͉ at two edges of the gap becomes necessary for an optimal insertion.
In order to enlarge the first gap, we should choose a different insertion. From Fig. 2 , we observe that ͉E nk (r)͉ is small for the state 1M at the center of the air cylinder, but it is large for the state 2X. Thus, if we insert a cylinder with a negative dielectric constant at this position, the upper edge will shift to a higher frequency, while the lower one will remain unaffected as can be seen from Eq. ͑7͒. In fact, the same arguments apply to the states 3X and 4⌫ at the band edges of the second gap. Thus, with such an insertion, both gaps can be enlarged at the same time. To confirm this, we insert a perfect conductor of radius R i at the center of the air cylinder. The calculated gap position is now plotted as open circles and squares in Fig. 3͑a͒ for the first and the second gaps, respectively. We find significant enlargements in both gaps even at a small ␤. It should be pointed out that we have also calculated the gap position by using a more realistic dielectric constant for the metal cylinder, i.e., ⑀ m ϭ1 Ϫ f p 2 /͓ f ( f ϩi␥)͔, with the plasma frequency f p ϭ3600 THz and absorption constant ␥ϭ340 THz. 10, 15 For a wide range of structure ͑frequency͒ scales, i.e., from aϷ1 mm ͑micro-wave͒ to aϷ1 m ͑infrared͒, the gap position ͑in units of ϵa/2c͒ is close to that obtained from a perfect conductor. 16 The sudden rise of gap size at a small ␤ indicates that the gap can be significantly enlarged by the presence of only a small filling factor of the metal component. In this case, the effects due to absorption will be insignificant.
The metallic insertion at the center of the air cylinder is particularly useful in the case of triangular lattice where the absolute gap appears as the first gap for s waves. The gap map for the system of a triangular array of air cylinders in a dielectric background ⑀ b ϭ11.4 has been given in Ref.
2. In Fig. 6͑a͒ we plot the gap map for the absolute gap with a solid line and denote it as region A. The region surrounded by two dotted lines represent the gap for p waves. After the insertion of a metal cylinder of radius R i ϭ0.05a at the center of the air cylinder, the region covered by the absolute gap extends from A to B. The gap structures for P waves are not much affected by the insertion. Thus, an absolute gap that appears as the primary gap can also be significantly enlarged by using this generalized method of insertion. For the case of dielectric cylinders in air, we consider the honeycomb structure. When the dielectric constant of the cylinders is ⑀ c ϭ11.4, three regions of absolute gaps have been found. 2 We denote them as A 1 , A 2 , and A 3 in Fig. 6͑b͒ . It has been shown that by using insertion of a dielectric cylinder at the center of each honeycomb, the third-order absolute gap A 3 can be enlarged.
14 Here, we insert, instead of dielectric cylinders, metallic cylinders of radii R i ϭ0.05a at the center of each honeycomb. The regions covered by the first-and second-order absolute gaps have been extended from A 1 and A 2 to B 1 and B 2 , respectively. A significant enhancement of the second absolute gap is evident. It has been extended to the region covered by the third-order absolute gap of the original system. Thus, adopting the same insertion position, we are able to enlarge different absolute gaps by choosing different dielectric constants of the inserted component.
IV. EXPERIMENTAL DEMONSTRATION
In order to test our method experimentally, we have also carried out the following microwave experiments in the frequency range from 6.8 to 15.0 GHz. The transmittance of a FIG. 6 . ͑a͒ Gap map for triangular lattice of air cylinders in a background dielectric (⑀ b ϭ11.4). Region A denotes the absolute gap. The region surrounded by the dotted lines denotes the gap for p waves. Region B denotes the extension of the absolute gap from region A after the insertion of metallic cylinders of radii R i ϭ0.05a at the center of the air cylinders ͑inset͒. ͑b͒ Gap map for the honeycomb lattice of dielectric cylinders (⑀ c ϭ11.4) in air. Regions A 1 , A 2 , and A 3 denote absolute gaps. Regions B 1 and B 2 denote the extensions of the absolute gap from regions A 1 and A 2 after the insertion of metallic cylinders at the center of each honeycomb ͑inset͒.
photonic crystal was measured in a two-dimensional wide waveguide scattering chamber. The chamber was composed of two components, the square groove and cover plate. The square groove with a 250 nm internal width, 270 mm external width, 350 mm length, and 10.16 mm depth was machined into a 20-mm-thick aluminum plate. The cover plate with a 270 mm width and a 350 mm length was machined into a 10-mm-thick aluminum plate. The inner surfaces of the chamber were polished to satisfy the requirement of the microwave measurement. To avoid the reflection from lateral wall of the chamber, its inner sides were furnished with a thick layer of low-density absorber. The back and forward ports of the chamber were fit in conjunction with the 8-12-GHz type-H trumpets of 350 mm in length. Then the trumpets were connected with standard 8-12-GHz waveguides. The PBG system was placed in the middle of the chamber. All of them consist of a complete device under test as shown in Fig. 7͑A͒ . The transmittance was measured by using an HP8757E scalar network analyzer and an HP8364A series synthesized sweeper.
The photonic crystal was composed of 10ϫ23 alumina cylinders with dielectric constant 8.9 and radii 3.03 Ϯ0.03 mm embedded in a styrofoam template, arranged in a square lattice with a lattice constant 9 mm. The normal surface of the photonic crystal corresponded to the ⌫-X direction in the first Brillouin zone. Meanwhile, we also fabricated three metallodielectric photonic crystals by inserting copper cylinders of 0.2, 0.3, and 0.4 nm radii into the center of each square of the dielectric photonic crystal. For a better simulation of the infinite photonic crystal in the traverse direction, a 7-cm-wide slit was placed in the front of the photonic crystal. In part ͑a͒ of Fig. 7͑B͒ , we plot the measured transmission data. The dashed and dotted curves are the results of normal incidence (⌫-X) for the cases of with and without 0.2-mm ͑␤Х0.067͒ metal cylinders, respectively. The corresponding results for the case of oblique incidence (⌫-M ) are shown as the dot-dashed and solid curves, respectively. We calculated the transmission coefficients for the above cases by using the multiple-scattering method. 15 The corresponding theoretical results are shown in part ͑b͒ of Fig.  7͑B͒ . Both experiment and theory have shown that the ͑full͒ gap width is nearly doubled from the original width ⌬ f Х1.4 GHz to ⌬ f i Х2.6 GHz after the insertion of metallic cylinders. Their discrepancies in the pass band may be due to the misalignment of cylinders as well as other disorder effects in the sample. Although the experiments were carried out in the microwave region, we have also calculated the transmission near the optical regime by rescaling the lattice constant from aϭ9 mm to 0.9 m. From its size dependence, we determine that the absorption length in the pass band shown in Fig. 7͑B͒ to be about 40a. Such a large decay length is a result of small filling factor ͑Х0.0015͒ of the metallic component. Thus, unlike metallic photonic crystals, a metallic insertion into a dielectric photonic crystal can have large gap with small absorption and be useful in applications.
V. CONCLUSION
In this paper, we have proposed a simple, systematic, and efficient method to enlarge the gap of a photonic crystal. In this method, we add a small fraction of a third component into the existing photonic crystal. Based on a perturbation analysis, the dielectric property of the third component as well as its insertion position in a unit cell are chosen according to the field-energy distribution of two Bloch states at the band edges. The field distributions at band edges have been calculated by the multiple-scattering method and their structures can be understood from the variational principle. In the case of dielectric insertion, the excellent agreement between the perturbative analysis and multiple-scattering results shows the validity of our method. Thus, the perturbative approach can provide us an efficient way in the choices of the dielectric property of the insertion as well as the insertion position to enlarge PBG's, whereas the gap structure of the altered microstructure should be obtained from more accurate calculations such as the multiple-scattering method. By doing so, in the case of metallic insertion, we are able to obtain much larger full and complete gaps. An explicit experimental demonstration of the method in the microwave region is also presented. Our method is very general and it does not require symmetry breaking. Although we have considered here only a few simple microstructures in 2D, nevertheless, the method proposed here can be applied to all microstructures in 2D and 3D photonic crystals. [5] [6] [7] [8] 11, 12 In 3D, since all waves are vector waves, Eq. ͑5͒ should be used to estimate the frequency shift. Thus, our method opens up a new way to engineer photonic band gaps. FIG. 7 . ͑A͒ Schematic representation of the scattering system ͑not to scale͒; ͑B͒ parts ͑a͒ and ͑b͒ represent the measured and calculated transmission coefficients, respectively. For the original system of 10ϫ23 dielectric cylinders (⑀ c ϭ8.9) of radii 3.03 Ϯ0.03 mm arranged in a square lattice in a styrofoam template, the dotted and solid curves denote results of normal (⌫-X) and oblique (⌫-M ) incidences, respectively. After the insertion of metallic cylinders of radii 0.2 mm in the center of each unit cell, the corresponding results are denoted by the dashed and dot-dashed curves, respectively.
